ABSTRACT Sex pheromone quantity, blend ratio, and cross-attraction were studied in four populations of the black cutworm, Agrotis ipsilon (Hufnagel). Analysis of pheromone gland extracts showed that the three pheromone components of A. ipsilon, (Z)-7-dodecenyl acetate (Z7Ð12:Ac), (Z)-9-tetradecenyl acetate (Z9 Ð14:Ac) and (Z)-11-hexadecenyl acetate (Z11Ð16:Ac) were present in all four populations. On average, Z7Ð12:Ac was the most abundant component in the populations from Kentucky and Kansas, whereas in the Egyptian and French populations Z11Ð16:Ac was the most abundant component. All populations had a similar quantity of Z7Ð12:Ac. The population from Kentucky had signiÞcantly more Z9 Ð14:Ac than the population from Kansas, and the other two populations had intermediate quantities of this component (P Ͻ 0.05). The Egyptian population had signiÞcantly more Z11Ð16:Ac than the French population, which had signiÞcantly more than the populations from Kentucky and Kansas (P Ͻ 0.05). Comparing Nearctic (Kentucky and Kansas) versus Palearctic (Egypt and France) populations showed signiÞcant differences in the quantity of Z11Ð16:Ac and in the ratio of Z11Ð16:Ac to Z7Ð12:Ac (P Ͻ 0.01). Full-sib analysis revealed signiÞcant heritabilities in pheromone components and blend ratios in two of the populations. Cross-attraction between individuals from Kansas and from each of the other three populations was tested in paired experiments in a wind tunnel using live females as the source of pheromone. Males did not discriminate between females from their own population and females from the reference population. Thus, signiÞcant differences in pheromone blend among geographically distant populations of A. ipsilon did not prevent cross-attraction under laboratory conditions.
IN MOTHS, THE blend ratio of sex pheromone components and the speciÞcity of the male behavioral response are often responsible for reproductive isolation between closely related species that overlap in time and space (e.g., Roelofs and Comeau 1969 , Sanders 1971 , Tumlinson et al. 1974 , Cardé et al. 1977 , GreenÞeld and Karandinos 1979 . Insights into the evolution of species-speciÞc mating systems may be obtained from studies of signal and response variation within and between populations (Lö fstedt 1990 , Phelan 1997 . SigniÞcant interpopulational variation in pheromone blends and male response has been demonstrated in several moth species (e.g., Klun and Cooperators 1975 , Lö fstedt et al. 1986 ) but has not been found in others Baker 1988, Haynes and Hunt 1990) .
The black cutworm, Agrotis ipsilon (Hufnagel), is an important agricultural pest, being found in Africa, Asia, Australia, Europe, and North and South America (Rings et al. 1974) . Pioneering work with this species resulted in the identiÞcation of two pheromone components (Z)-7-dodecenyl acetate (Z7Ð12:Ac), and (Z)-9-tetradecenyl acetate (Z9 Ð14:Ac) (Hill et al. 1979) . Recent studies have provided evidence that (Z)-11-hexadecenyl acetate (Z11Ð16:Ac) should be considered a third pheromone component for both a European (Picimbon et al. 1997 ) and a North American (Gemeno and Haynes 1998 ) population of A. ipsilon. Agrotis segetum (Denis & Schiffermü ller), a close relative of A. ipsilon, shows geographic variation in pheromone blend composition and male response speciÞcity throughout its area of occurrence (Arn et al. 1983 , Lö fstedt et al. 1986 , Wu et al. 1999 . To determine if geographically distant populations of A. ipsilon show differences in their pheromone communication system, we analyzed pheromone blend composition and male cross-attraction in a wind tunnel using populations from Egypt, France, Kansas, and Kentucky. In addition, heritabilities of pheromone quantity and blend ratios for three of these populations were estimated by examining the contribution of between and within family variation. from Kansas) was started from pupae purchased from French Agricultural Research (Lamberton, MN). This colony originated from Ϸ64 adults collected in Manhattan, KS, in 1983 , and has been maintained under laboratory conditions without reintroduction of Þeld-collected individuals since that date. Individuals from this population were available for experiments continuously.
The Egyptian population originated from late instar larvae and prepupae collected from the soil in a clover Þeld in MenoÞa Governorate, Egypt. Females were mated once, each with a different male, and the progeny from each female (i.e., family) were reared separately and sent to Kentucky as larvae. Pheromone analyses were done on the progeny of 23 females collected in 1995. Progeny of 16 females collected in 1996 were used in the cross-attraction tests described later.
In Kentucky, mated females were collected with a blacklight trap in Richmond (Madison County). The progeny from each female were reared separately. Progeny of 37 females collected in 1995 were used in the pheromone gland analysis study. Progeny of 14 females collected in 1996 were used in cross-attraction tests.
The French population originated from a laboratory colony started from individuals collected in Avignon, France. Field collected males were introduced into this colony each year. Females were mated once, each with a different male, and the progeny from each female were reared separately and sent to Kentucky as larvae. Pheromone composition and cross-attraction were analyzed from the progeny of 15 females in 1996.
Insect Rearing. Larvae were reared in the laboratory under Ϸ14:10 (L:D) h photoregime at Ϸ25ЊC following the procedures of Gemeno and Haynes (1998) . Larvae from the same family were reared together for 1Ð2 wk and then were reared individually to avoid cannibalism. Male and female pupae were placed in different growth chambers under a 16:8 (L:D) h photoregime at 25ЊC Ϯ 1ЊC. Adult males and females were maintained in groups of Þve in 475-ml paper containers covered with nylon screen and were provided with 10% sucrose-water solution.
Pheromone Gland Extraction. The terminal abdominal segments, including the pheromone gland, of females (age range: 2Ð 4 d old, mean Ϯ SE: 3.01 Ϯ 0.003 d old) were dissected during the second half of the scotophase, which corresponds with the calling period in this species (Swier et al. 1977, Gemeno and Haynes 2000) and were placed on a glass slide previously deactivated with a silylating agent (Sylon-CT, Supelco, Bellefonte, PA). Fat and other body tissues were carefully removed from the inner side of the integument using Þne forceps. The remaining tissue was placed in 10-ml conical bottom vials containing 10 l of methylene chloride and 1 ng of internal standard (E,Z)-4,7-tridecadienyl acetate, (E,Z-4,7Ð13:Ac). The vials were immediately sealed with Teßon-lined caps and kept for 1 h at room temperature after which they were stored at Ϫ20ЊC (Ϫ80ЊC for storage Ͼ1 mo) until analyzed.
The laboratory population from Kansas was available continuously, and therefore the pheromone analysis in this population was performed on two occasions, one simultaneously with the Egyptian population and a second time simultaneously with the Kentucky population. Comparison between the two samples from Kansas was used to determine consistency of this population over time.
Chemical Analyses. A HewlettÐPackard (5890 IIPlus, Avondale, PA) gas chromatograph (GC) equipped with a 30-m DB-Wax capillary column connected to a HewlettÐPackard (HP 5972) mass selective detector (MSD) was used for analysis of pheromone gland extracts. The injector was set at 250ЊC with the purge valve opening 0.75 min after a manual injection. The GC oven temperature was held at 80ЊC for 2 min, increasing to 170ЊC at 20ЊC/min, and then to 220ЊC at 10ЊC/min, and this Þnal temperature was maintained for 20 min. The ßow rate of helium through the column was held at 1 ml/min.
Selected ion monitoring was conducted focusing on ions characteristic of Z7Ð12:Ac, E,Z-4,7Ð13:Ac, Z9 Ð14: Ac, and Z11Ð16:Ac (m/z, 166, 178, 194, and 222, respectively) . Each ion was monitored individually at the expected retention times of the components. The retention times were determined by injecting a multicomponent standard containing one ng of each component plus the internal standard. The quantity of each component was determined by relating its peak area to the internal standard and correcting for the differential responsiveness of the MSD to the compound, which was established daily with the multicomponent standard. Quantities of pheromone components and blend ratios were transformed [log (x ϩ 1)] before analysis of variance (ANOVA). Because proportions are subject to a unit-sum constraint (Aitchinson 1986 ), we arbitrarily selected the ratios of Z9 Ð14:Ac to Z7Ð12:Ac and of Z11Ð16:Ac to Z7Ð12:Ac to compare pheromone blends among populations.
Heritability. Heritabilities of pheromone components and blend ratios were estimated in the populations in which families were known (Egypt, Kentucky, and France). We estimated the heritabilities based on ANOVA of full-sib data using the following model:
where is the common mean, ␣ i is the effect of the ith mating, and e ik is the uncontrolled environmental and genetic deviations attributable to individuals within single pair matings (Becker 1984) . The experimental design was unbalanced, so we corrected for the unequal numbers of sisters per family following Becker (1984) . Full-sib heritability was calculated as follows: h 2 ϭ 2V s /V p , where V s is the variance between families, and V p is the phenotypic variance. Standard errors of heritabilities were calculated using the formulas provided by Becker (1984) correcting for unbalanced numbers of offspring per family.
Wind Tunnel Test. Cross-attraction was studied in a wind tunnel by comparing each population with the population from Kansas. The wind tunnel was modeled after that of Miller and Roelofs (1978) . Description of the wind tunnel, light conditions, and wind speed are the same as previously reported (Gemeno and Haynes 1998) . Temperature in the wind tunnel and wind tunnel room was 26.5ЊC (Ϯ3ЊC).
Immediately before each test, the legs and wings of a female (age range, 2Ð3 d old, mean Ϯ SE: 2.97 Ϯ 0.03 d old) were removed, and the body was introduced, abdomen Þrst, into a 1.5-ml plastic pipette tip. The opening of the pipette tip had been enlarged to 2Ð3 mm diameter so that the last abdominal segments and the pheromone gland would be exposed when the female was inserted. Two females prepared in this manner were placed side by side on the top of another 7 cm long plastic pipette tip attached vertically to a metal plate. This plate was placed on a 25 cm high metal platform (source platform) located 30 cm from the upwind end of the tunnel. The bodies of the two females were oriented horizontally with their heads upwind. A piece of cotton pressed on the head of the females helped maintain the pheromone glands in the extruded position during the observation period (i. e., second half of the scotophase).
Between 10 and 15 h before the test, males (age range, 3Ð 6 d old, mean Ϯ SE: 4.33 Ϯ 0.04 d old) were placed individually in wire cages (4 cm diameter by 8 cm long) provided with 10% sugar-water solution on a cotton pad. Males were kept in the darkened wind tunnel room between 5 and 50 min before the test, otherwise they remained in a dark environmental chamber. Males were released from the top of a 25 cm high metal platform located 1.5 m downwind of the source platform.
A pair of females from one population was placed at the upwind end of the tunnel. Two to 13 males (mean Ϯ SE: 7.34 Ϯ 0.15 males), alternating between Kansas and a test population, were tested before replacement of the females with females from the alternate population. Each pair of females was used for Ϸ6 to 39 min. After release, male behavior was observed for 2 min. Behaviors recorded included: taking ßight, oriented ßight (upwind zigzagging ßight in the pheromone plume), distance of closest approach to the pheromone source, and contacting the pheromone source.
Male response was divided into three mutually exclusive categories: (1) taking ßight but not orienting toward the pheromone source, (2) orienting toward but not contacting the pheromone source, and (3) pheromone source contact. The relationship between male population, female population, and behavioral category was analyzed with a log-linear model (Stokes et al. 1995) . Additional analysis of proportions of behavioral responses was performed with RyanÕs multiple comparison test of proportions (Ryan 1960) . Z7Ð12:Ac, Z9 Ð14:Ac, and Z11Ð16:Ac, were consistently found in pheromone gland extracts from all the populations (Fig. 1) . Nineteen percent of the females from Kentucky, 10% of the females from Kansas, and 2% of the Egyptian females had undetectable quantities of Z11Ð16:Ac, and only one female (from Kentucky) had undetectable quantities of Z9 Ð14:Ac. Undetectable pheromone levels were scored as zero and included in the statistical analysis. All populations had similar mean quantities of Z7Ð12:Ac, but they had different quantities of Z9 Ð14:Ac and Z11Ð16:Ac, and ratios of Z9 Ð14:Ac to Z7Ð12:Ac and of Z11Ð16:Ac to Z7Ð12:Ac (Table 1) . Contrast between Nearctic (Kansas, Kentucky) and Palearctic (Egypt, France) populations showed signiÞcant differences in the quantity of Z11Ð16:Ac and the ratio of Z11Ð16:Ac to Z7Ð12:Ac, but no differences were observed in the quantities of Z7Ð12:Ac, Z9 Ð14:Ac, or the ratio of Z9 Ð14:Ac to Z7Ð 12:Ac (Table 1) . Multivariate analysis of pheromone components showed signiÞcant differences between Palearctic and Nearctic populations (MANOVA, Wilks lambda ϭ 0.767; df ϭ 3, 445; P Ͻ 0.001).
Results

Chemical
Heritability. Full-sib analysis showed signiÞcant heritabilities for pheromone components and blend ratios in the French and Kentucky populations (Table  2) . Heritability estimates were higher in the Kentucky population than in the French population. In the Egyptian population, heritability estimates for Z7Ð 12:Ac and the ratio of Z9 Ð14:Ac to Z7Ð12:Ac were higher than 0.4, but were not signiÞcant.
Wind Tunnel Test. Most males used in the study took ßight after being released in the wind tunnel (Fig.  2) . The percentage of males from Egypt, Kentucky, and France that contacted the pheromone source was low, independent of whether the source females was from Kansas or from their own population. The source contact rate for males from Kansas was signiÞcantly greater than for males from the other populations (P Ͻ 0.05, RyanÕs multiple comparison test of proportions).
The transition from oriented ßight closer than 10 cm to the source (oriented Ͻ 10 cm) to source contact was very low in males from Egypt and France to their own pheromone type or to the pheromone from Kansas (Fig. 2) . Most often their ßight became arrested within 10 cm of the source. In contrast, males from Kentucky completed oriented ßight to the source once they were closer than 10 cm to the pheromone source, but fewer than 40% of the males from Kentucky initiated upwind ßight.
A log-linear analysis revealed no signiÞcant male population ϫ female population ϫ behavioral category (i.e., taking ßight, orienting toward or contacting the pheromone source) interaction, indicating that the response of the males was independent of the male or the female population (Table 3) . In other words, males responded similarly to two different types of females independent of their own type. In the comparison of Egyptian and Kansas populations, female population alone had a signiÞcant effect on the type of response exhibited by males. This result reßects the fact that males from Kansas and Egypt showed higher frequencies of oriented ßight and source contact to Egyptian females than to females from Kansas (Fig. 2) .
Discussion
We have shown that the three-component blend of Z7Ð12:Ac, Z9 Ð14:Ac, and Z11Ð16:Ac is produced by A. ipsilon throughout a broad geographic range, including parts of Western Europe, North America, and North Africa. This blend may also be used by individuals from populations in Japan and Ukraine, where the addition of Z11Ð16:Ac to the 2-component blend of Z7Ð12:Ac and Z9 Ð14:Ac increases male captures (Wakamura et al. 1986 , Buleza 1991 . Contrast between the populations from Egypt and France and the populations from Kentucky and Kansas indicated a possible divergence between Palearctic and Nearctic populations of A. ipsilon. This is a migrant species throughout most of its geographic range, and in North America it undergoes two annual latitudinal migrations, northward in the spring and southward in the fall, covering the range from the Gulf of Mexico to Canada (Showers 1997) . A similar phenomenon has been suggested to occur for North African and European populations (Causse et al. 1988) . Gene ßow associated with long-range migration may prevent population differentiation in the range covered by the migrants (Buè s et al. 1994) . Gene ßow between Palearctic and Nearctic populations is minimal when compared with latitudinal gene ßow. Because only four independent populations have been studied, additional sampling of populations from more Palearctic and Nearctic regions would be required to determine if the observed pattern represents a consistent difference between regions. In this study we used 2-to 4-d-old females and 3-to 6-d-old males, because a previous study indicated that individuals from the Kansas population are sexually mature at this age (Gemeno and Haynes 2000) . Females from our test populations and from the Kansas population produced similar quantities of Z7Ð12:Ac, which suggests that females from all the populations were at a similar level of sexual maturity. Furthermore, males from Kansas responded equally to females from Kansas and to females from the test populations, which also suggests that females of the four populations released similar quantities of pheromone. In the true armyworm moth, Pseudaletia unipuncta (Haworth), a comparison of migratory and nonmigratory populations revealed signiÞcant differences in the age at which adults reached sexual maturity (McNeil et al. 1996) . Although we did not address this aspect in our test populations, the results of the current study indicate that females from the four populations produced similar quantities of pheromone, and therefore, the observed variation in the quantities of Z9 Ð14:Ac and Z11Ð16:Ac among populations is more likely the product of intrinsic differences in the pheromone blend than of differences in maturity rates among populations. Similar percentages of oriented ßight to any female type were observed in males from Kansas, Egypt, and France, suggesting that males from all these populations had reached similar levels of sexual responsiveness at the age at which they were tested.
The overall percentages of male response were, however, lower in the test populations than in the Kansas population, but these differences could be attributed to selection favoring laboratory responsiveness. Field-collected individuals and their immediate progeny may be more sensitive to abnormal environmental stimuli than individuals from colonies in which selection has favored responses under these conditions. Despite the lack of strong assortative responses in the wind tunnel, males from Egypt showed higher levels of response to their own females than to females from Kansas. Because the largest difference between these two populations was in the quantity of Z11Ð16: Ac, this compound may play an important role in the behavioral differences observed.
Two species in which population variation has been extensively documented are the European corn borer, Ostrinia nubilalis (Hü bner), and A. segetum. Two strains of O. nubilalis produce and respond to different blend ratios of (E)-and (Z)-11-tetradecenyl acetate (Klun et al 1975) . Similarly, females from geographically distant populations of A. segetum produce signif- b In all three tests, the three-factor interaction (male population*female population*behavior) of the saturated model was not signiÞcant. This table shows the results from the model with no three-factor interactions and provides the best Þt to the observed data (Maximum-likelihood ratio Ͼ 0.01).
icantly different blends of the three main pheromone components, (Z)-5-decenyl acetate (Z5Ð10:Ac), Z7Ð 12:Ac, and Z9 Ð14:Ac, and males from different populations are speciÞcally tuned to the pheromone blend of their own population (Lö fstedt et al. 1986 , Tò th et al. 1992 , Wu et al. 1999 . In contrast to the large interpopulational variation observed in these species, the pink bollworm, Pectiniphora gossypiella (Saunders), has a more conservative communication system where females from six populations around the world do not differ signiÞcantly in the emitted blend ratio of pheromone components, whereas the emitted blend ratio in the outlying population from China only differs by a few percent from the other populations (Haynes and Baker 1988) . Similarly, female cabbage looper moths, Trichoplusia ni (Hü bner), from California, Kentucky, and Florida emit similar quantities and blend ratios of pheromone components (Haynes and Hunt 1990) .
The factors that determine the amount of variation within species are not well understood. Migratory habits and the occurrence of species with similar pheromone systems could be important elements in the emergence and maintenance of differences among populations. Also important is the amount of phenotypic variation among individuals, which may indicate potential for evolutionary change if signiÞcant additive genetic variance is underlying some of these differences. However, selection could reduce genetic variation faster in traits that are closely related to Þtness, such as reproductive traits, than in traits that are less closely related to Þtness (Falconer 1981) . In addition, stabilizing selection between emitter and receiver (Butlin 1993) , and reproductive isolation based on pheromone signals (GreenÞeld 1981, Cardé and Baker 1984) could result in additional reduction of genetic variation. We have found signiÞcant heritabilities of pheromone components and blend ratios in at least two of the three populations for which they were estimated, and therefore the former prediction is not supported by our study. The levels of heritability observed in A. ipsilon are probably high enough to permit evolutionary change under directional selection, as has been observed in P. gossypiella (Collins et al. 1990 ). Broad response speciÞcity of individual male moths (e.g., Cardé et al. 1976, Haynes and Baker 1988) probably contributes to the maintenance of additive genetic variance of female pheromone blends (Phelan 1997) . It should be noted, however, that genetic correlations between pheromone components could reduce the ßexibility of evolutionary outcomes of selection on pheromone blends (Moore 1997) .
Populations that produce and respond to different pheromone blends are ideal systems to study the genetics and evolution of species-speciÞc communication. Once the phenotypic differences have been characterized, breeding and selection experiments can determine the genetic factors responsible for signal production and response and the potential of these traits to respond to selection. In this study we have shown that populations of A. ipsilon produce different pheromone blends and that signiÞcant heritable variation exists in these blends to respond to selection. Field studies should be carried out to determine if the differences in pheromone blends that we observed correspond with assortative attraction among the populations under natural conditions, although this was not apparent in the wind tunnel assays. In addition, further sampling of populations over a wider geographic range may help to explain the inßuence of environment, genetics, and migration on pheromone diversiÞcation.
